Piécourt. Electrical charging during the sharkskin instability of a metallocene melt.
Introduction and bibliography
On the one hand, flow instabilities occur during extrusion upon reaching a critical shear rate or stress. Due to their economical and theoretical interest, these phenomena have been extensively studied since their first report in the late 50's [1, 2] . On the other hand, the electrification of polymers during their manufacturing process is also a well-known problem in industry, often resolved by the addition of antistatic agents. However few studies have been performed to correlate these both phenomena. Indeed among the hundreds of publications concerning the flow instabilities, only a tens of them are focused on the electrification of the polymer melt during their stable or instable flow [3] [4] [5] [6] [7] .
The first study was performed by Vinogradov et al. on polybutadienes (PB) by using a cylindrical capacitor for the charge measurements under spurt and overspurt conditions. They have shown that a measurable electrification was only observed for pressure greater than the critical for spurt [3] .
In the case of stable capillary extrusion of polyethylene (PE), polystyrene (PS) and polycarbonate (PC), Taylor et al. measured -by collecting the charges in a Faraday cup-an electrification attributed to the double layer formation, but no presence of flow instabilities were noted [4] .
Ten years later the results of Dreval et al., -who has fulfilled the study begun by Vinogradov-on linear flexible chain polymers (PB, PI, fluorine rubber) did not confirm the electrification during the stable regime, indeed they only measured electrical charges during the spurt regime.
Very recently, the evidencing of electrification during the capillary extrusion of polymer has known a renewed interest, with the studies of Pérez-González et al. [7, 8] . He used an experimental set-up where the charges are collected by swiping the probe of an electrometer on the molten extrudate. In these last papers no electrification during the sharkskin regime has been measured, since the appearance of the static electrification was linked to the conditions of strong slip.
All these previous studies have evidenced the influence of various parameters on the electrification of polymer melts such as the material of the die [4, 7] , the molecular characteristics of the polymer for instance the molecular weight [3] , the molecular weight distribution, the segmental mobility [5] , and the temperature [4] . Two mechanisms have been proposed for the electrification of the polymer during the extrusion, the first one is a tribological effect, the second one is a double layer effect.
In this paper, we focus on the electrification of a metallocene polyethylene (mPE) during the sharkskin defect occurrence. First, we will show that contrary to the studies of Vinogradov, Dreval and Pérez-González, electrical charges can be measured simultaneously with the presence of this defect. The fact that the wall slip appears at the same time as the electrical charging will be also underlined. Second, the effect of the die geometry on the electrification will be quantified, leading to some conclusions about the electrification mechanism. Third, the results at various temperatures will be presented and the timetemperature superposition principle will be applied to these curves. The whole study will show that rheological properties and electrical charging are strongly correlated. 4
Experimental section

Material
The studied polymer is a metallocene polyethylene (mPE) from Repsol. Its molecular characteristics are a weight average molecular weight of 118 000 g/mol and a polydispersity of 2.15. As shown by RMN study, the studied mPE is not branched, that is confirmed by the absence of strain hardening. Because of the polymerisation catalyst system, some metallic impurities are still present in the polymer melt. According to the safety data sheet of the mPE, their amounts were around 3.6 ppm for zirconium and 60 times more for aluminium.
The flow curve of this mPE is shown on figure 1 (a). It has been established in a capillary rheometer at a temperature of 190°C using a die of length over diameter L/D=20, D=2mm and a 180° entry angle. The sharkskin defect is the first occurring defect when the apparent shear rate • γ app reaches a value around 50 s -1 . It is replaced by the spurt flow defect at about 110 s -1 , and the last one is the gross-melt fracture (g.m.f) defect. In this paper, we will focus on the shear rate domain of the sharkskin defect.
To characterize the polymer, its elastic modulus G' and its viscous modulus G" have been studied on an imposed strain rheometer at different temperatures. The viscoelastic curves could be shifted horizontally and vertically according to the time-temperature superposition principle (see Fig. 1-b ). The corresponding activation energy was 27.06 kJmol.
From the rheological master curve, the values of the Williams-Landel-Ferry (WLF) shift factors, that will be used later for charging phenomena, are a T = 1.753, and 1.363, for 155°C and 170°C respectively, with a reference temperature of 190°C and b T ≈1 in both cases.
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One can note also on figure 1.b, that the cross-over appears for ω=80 rad/s, that corresponds to an average relaxation time for this polymer around 0.08 s at 150°C, or 0,05 s at 190°C.
Experimental set-up
The experimental set-up for measuring the electrokinetic charging of melt during the capillary extrusion is mainly composed of two coupled apparatus as shown on figure 2: 
Results on the electrification during extrusion
Typical electrification curve
One typical curve of electrical charging versus wall shear stress τ w is presented on figure   3 . Note that the charges remain zero until the extrudate is smooth. Then the density of charges increases regularly, with a charge density per unit area σ in the range of 10 -8 -10 -7 C/m 2 . The end of the sharkskin defect, that corresponds to the beginning of the spurt defect also coincides to a sudden increase of the electrical charging.
It is interesting to recall that the onset of wall slippage has been observed for such mPE before the onset of spurt [9, 10] . This wall slip might be correlated to the appearance of the electrical charges.
But it has been impossible to obtain the velocity curve versus wall shear stress for the studied mPE by the classical Mooney method. Indeed the use of different die diameters has evidenced the variation of the flow curve with the die diameter (figure 3 (b)), that is generally considered as a proof of wall slippage. But, for the studied mPE, the measurements for three different diameters leads to some inconsistencies in the order of the flow curve versus the length diameter, so that the Mooney method is not reliable for determining the slip values, as previously noted by Robert et al. [11] . In this case, the slip velocity is probably not simply related to the wall shear stress, or the values of the slip are too small. The fact that wall slip is probably lower than the usual values observed for other mPE is consistent with the fact that this metallocene polymer, on the contrary to the one studied by Hatziriakos, is not branched [9, 10] . Indeed Hatziriakos has explained the slip in terms of chains detachment from the interface, this detachment being favored by the branched feature of the mPE.
So the numerical link between v s and σ could not have been established for this specific polymer but further work is in progress to evaluate the value of slippage for this mPE. 
Influence of the dies geometry
The second point that has drawn our attention is the influence of the die geometry on the electrification. Figure 4 (a, b) shows the two curves of surface charge density σ versus wall shear stress τ w for two die diameters D=1mm (Fig.4a ), and D=2mm (Fig.4b ). They sum up very well the observed trends : charging differs with both dies diameter and length. For example in the case of D=1mm, when increasing the length L of the die, the charge density σ seems to increase. On the contrary, for D=2 mm, increasing the length of the die seems to decrease σ, suggesting that the relationship between electrical charging and geometry of the die is not simple. But the fact that the charging rate is not linear versus dies length, at imposed diameter, is an important fact that will be discuss later.
A particular feature appears for the die with D=1mm and L=30mm where there is a sudden decrease that could be attributed to dielectric breakdown. Some dielectric breakdowns were also reported by Dreval et al. in spurt conditions, they attributed these breakdowns to the increase of the charge density with L, limited by the electric discharge processes between the polymer and the die wall at σ >4/6 10 -5 C/m 2 [6] .
Influence of the temperature
The electrical charging measurements were performed for three temperatures of the mPE melt: T=155°C, T=170°C and T=190°C. On figure 5(a), for a die with L=30mm and D=2mm, one can observe that for these three temperatures, the variations of the charge density σ with the shear rate Analysis of the data from the figure 5(a) indicates that the thermo-dependence of the electrical charging is probably governed by an Arrhénius law like for all the linear viscoelastic functions. We assume that the activation energy for the electrical charging is the same as the one determined for the rheological G'-G" master curve building (cf. § 2.1), so that the same reduction parameters a T has been used to built the figure 5 (b) . The resulting master curve for the electrical charging is correct, and this leads to an important conclusion: the timetemperature principle is applicable to the electrification process during polymer melt extrusion, that implies a contribution of the segmental mobility of the polymer in this electrification mechanism. By using the same horizontal shift factor, it has been also possible 9 to built a master curve for L=20mm. An additional vertical factor would be necessary to obtain a good continuity of the master curve for L=10 mm.
Discussion
Comparison with previous studies
The comparison between these results and the previous studies evidences four main points :
First, for sharkskin instability, the charge density values are in the same range as the ones Second, it is the first time -to our knowledge-that electrical charges are observed during sharkskin defect. For Taylor study, they used a LDPE which did not exhibit sharkskin, and the other authors have noticed the presence of charge only for strong slip velocities under spurt and overspurt conditions. One explanation could be the better resolution of the experimental set up with a Faraday collector compared to the measurement by swiping the probe of the electrometer on the extrudate surface [7] , or by the variation of a cylindrical capacitance [3] .
If the correlation between electrical charges generation and slippage could be demonstrated,
another explanation could be the fact that mPE generally exhibits higher slip values in the sharkskin domain as the other polymers [9] .
Third this study has confirmed the influence of experimental parameters such as the length and the diameter of the die, but no clear variations of the charge density versus the surface area of the die could be evidenced.
Fourth, the influence of the temperature on the electrical charging has shown that the electrification is related to the molecular properties of the polymer such as the segmental mobility, since the time-temperature superposition is applicable.
About possible mechanisms
Two tentative explanations of the electrical charging can be proposed:
The first one is to imagine a mechanism like in solid-solid contact [13] , named further triboelectrification mechanism. In the case of solids, the mechanism is well-known for the contact between two metals. Charges that are exchanged are electrons and the transferred quantity is proportional to the difference between the two work functions, that corresponds to the equality of the Fermi levels. Even in solid-solid contact, the charge transfer between a metal and an insulator is more complicated, because it depends on a lot of parameters: duration of the contact, number of contacts, area of contact... Even if no certain mechanism has been ascertained, most of the studies conclude that the exchanged charges are electrons and the quantity of transferred charges is governed by the difference between the metal Fermi level and some energy level characteristic of the insulator. In solid case, the transferred charges are usually in the range 10 -5 to 10 -3 C/m 2 . It is also well-known that, for polymers, the determination of the real contact area is fundamental in the determination of the transferred charge density because of the increase of charge with time due to viscoelastic increase in the area of contact. For contact with sliding, it has been found that the charge deposited could be independent of the speed of sliding, or not, depending on the time of transfer and on the backflow of charges [13] . The transfer of charge to a polymer has been supposed to be assisted by the stirring of molecules near to the surface, or by the number of polymer segments in contact with the metallic surface, and so by the molecular motion [14] .
Similarly, in the case of a polymer melt going through a die, one can imagine that electrons are transferred between the polymer melt and the material of the die, and that the wall shear stress τ w is mainly responsible of the number of contact between the polymer and the die wall, and so of the transferred charges . However in that case the quantity of transferred charge should be proportional to the length of the die at imposed diameter. But it has been shown previously on the experimental curves that the charging is not linearly linked to the die length . This contradiction induces two conclusions. Either the true contact area is not directly given by the surface of the die, which is likely for a viscoelastic material, or the hypothesis of the charging by electron transfer is not valid. Indeed, for an imposed die diameter D, one can suppose that the surface charge σ 0 exchanged between a surface unit of the die wall (located at the height x) and an infinitesimal disk of polymer (diameter D) is constant along the die ( from the entrance of the die (x=0) to the exit of the die (x=L),) σ 0 (x, D, T, τ wx )=σ 0 (0,D,T, τ w0 )
This assumption σ 0 (x, τ wx )=σ 0 (0, τ w0 ) is based on the fact that the wall shear stress τ w is mainly responsible of the transferred quantity of charges, and that in the present study, we can consider that τ wx = τ w (x) = τ w (0)= τ w0 . Indeed, (i) the pressures used in this study have sufficient low values (P<500 bar) to consider that the influence of the viscosity is negligible on τ w , and (ii) the residence time of the melt in the die is much higher than the mean relaxation time of the mPE (see § 2.1 and 2.2), so that the flow can be considered to be established very quickly inside the die.
In that case of an exchange of charge constant along the die length, at imposed diameter and wall shear rate, the total surface charging of the infinitesimal disk of polymer might be directly proportional to the length of the die. So that the surface density of charges measured at the exit of the die might be linearly related to the die length.
If the charging by electron transfer is not valid, an alternative hypothesis might be the stripping of the well-known double layer. Indeed the tribocharging in liquids can be due to the relative motion between the fluid and the solid interface [4, 15, 16] . The charged metal surface attracts opposite charges and repels like charges. That leads to the formation of a double layer structure composed of an innerlayer formed of the adsorbed ions and of a diffuse layer (thickness λ) that compensates the innerlayer charge [17] . The properties of double-layers depend on the temperature, on the properties of the liquid and solid and also on the concentration of charged species in the liquid.
Under forced convection, two other layers can be defined, a stagnant layer (thickness δ d ) near the interface and a flow layer further. For insulating liquids the thickness of the diffuse layer is greater than the thickness of the stagnant layer, λ>δ d , so that the electroneutrality is not recovered within the stagnant layer [16] . In that case, charges can be entrained in the flowing liquid. This theory, that has been initially developed for the electrostatic charging of oil during pipeflow, could be applied to the polymer extrusion [4, 18] . Indeed charges are present in the polymer melt due for instance to metallic impurities in the case of the mPE (cf. § 2.1). The amount of ionic impurities necessary to built up an electrical double layer is extremely low (some ppm) [15] . This mechanisms fits well with the experimental facts observed for the tribocharging during sharkskin instability, i.e. the facts that the charging is linked to the molecular properties of the polymer, or to experimental parameters (length and diameter of the die, temperature...). Indeed parameters such as the diffusion coefficient of the liquid, the temperature, the flow velocity, die geometry etc, are directly linked to the tribocharging in this theory. Note also that, for newtonian fluids, δ d is proportional to the reciprocal of the wall slip velocity, leading to an increase of the charging when the wall slip increases [15] . This point is consistent with our observation of a link between wall slippage and electrical charging. However in the case of mPE, further work is necessary to determine the nature of the ions present in the double layer, the influence of the slip velocity, and to adapt the published models to non-newtonian fluid...
Perhaps the both mechanisms are suitable successively. One can assume that the double layer stripping mechanism is dominant in the case of stable flow, and that the triboelectrification mechanism becomes dominant for unstable flow with strong wall slip.
Conclusion
It has been shown that the electrification of the melt is present simultaneously with the flow instabilities -in particular with the sharkskin-, its magnitude varying parallel to the nature of the instabilities.
The electrical charging behaviour is the same as the slip velocity behaviour according to the wall shear stress, that implies that the measurement of electrical charges could lead to an evaluation of the slip velocity -particularly for low slip velocity values-.
The study of the influence of experimental parameters leads to the conclusions that the electrification is not proportional to the apparent contact area between the melt and the die, and that the charging is related to the molecular properties of the polymer.
Finally two tentative explanations have been recalled for this electrical charge generation during extrusion: either it is due to an electron transfer between the polymer and the die like in solid-solid contact (named triboelectrification mechanism), or it is due to the stripping of 14 the double layer due to the forced convection and the presence of ionic impurities in the polymer melt. Further work is necessary to choose between these two models or to determine the relative contribution of each model. 
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